When Ypet was used as a reporter protein for highthroughput screening (HTS), it showed peak fold induction and a dynamic range similar to those for firefly luciferase. We also determined that conducting a reading immediately after media aspiration was the best method for HTS. We conclude that Ypet can serve as a substitute for luciferase as a reporter protein in HTS assays.
Drug discovery research utilizes high-throughput screening (HTS) to identify chemicals with activities for therapeutic targets. Gene transcription is used as the readout in many HTS assays. If a drug target is a G protein-coupled receptor that signals through a cAMP pathway, a cAMP-responsive element (CRE) reporter is used instead of measuring the cellular cAMP level, because no sensitive cAMP sensor exists. 1) Reporter assay is the readout of choice for HTS in developing modulators of a particular transcription factor and transcription regulators of a gene of interest. 2, 3) Firefly luciferase is the preferred reporter protein by most researchers due to its higher sensitivity, but cell lysis and chemiluminescent substrate addition are necessary for luciferase assay. Since light produced by luciferase decays with time, the assay should be performed wellby-well to minimize the decaying effect. These disadvantages of the luciferase assay increases the cost and time associated with HTS.
Since GFP was discovered in the jellyfish Aequorea victoria, blue to yellow derivatives have been made, including enhanced blue fluorescent protein, enhanced cyan fluorescent protein, enhanced green fluorescent protein, enhanced yellow fluorescent protein, and their variants Cerulean, Emerald, Citrine, Venus, Ypet, and so on. [4] [5] [6] [7] [8] These engineering efforts, not only diversified the available colors, but also have made them brighter and have overcome the weaknesses of Aequorea-derived fluorescent proteins (AFPs). Among these fluorescent proteins, a series of yellow fluorescent proteins (YFPs) are the brightest. 9) Ypet is the brightest YFP variant developed to date, and it appears not to be affected by the photo-instability, acid sensitivity, and halide sensitivity that are drawbacks of other YFPs. 9) Hence we thought it would be useful to assess Ypet as a reporter protein for HTS.
In this study, we generated cells expressing firefly luciferase or Ypet under NFB activity and compared the performances of the two types of cells as reporter cells for HTS. We also developed a simple (applicable to HTS) and reliable (low well-to-well variation) procedure for the reporter assay by means of Ypet. To assess the performance of Ypet as a reporter protein for HTS, first we generated constructs expressing firefly luciferase or Ypet under NFB activity and a selection marker, puromycin N-acetyl transferase, which is under the control of a separate SV40 promoter. We named these constructs pNFB-Luc-SV40P and pNFkB-Ypet-SV40P respectively.
HEK293 cells were transfected with the reporter plasmids and transferred to 96-well plates. Then they were treated with 10 ng/mL of TNF for 6 h before measurement of luciferase activity or Ypet fluorescence. Ypet fluorescence increased 1.7-fold (Fig. 1A) , whereas the luciferase assay showed more than 5-fold induction of reporter activity. According to Nelson et al., 5-fold induction of NFB reporter activity by TNF is typical when luciferase is used as reporter protein, 10) but the Ypet reporter yielded induction by TNF that was very weak compared to that observed for luciferase. This might have been due to differences in the kinetics of the two reporter systems.
Hence we performed time-course experiments to examine the reporter systems' kinetics. We generated stable cells expressing firefly luciferase (HEK293-BLuc) or Ypet (HEK293-B-Ypet) under NFB activity with the plasmids shown in Fig. 1A . We seeded and cultivated NFB reporter cells in 96-well plates before treatment with TNF, and reporter activity was measured every 4 h. The two reporter systems showed different kinetics (Fig. 1B, C) . The luciferase assay reached a plateau 8 h after treatment. In the case of the Ypet system, the time-course results were shifted to the right, and a plateau was reached 24 h after TNF treatment. Fold induction at the plateau was not different between the two reporter systems.
y To whom correspondence should be addressed. Tel: +82-32-749-4510; Fax: +82-2-749-4105; E-mail: jinulee@yonsei.ac.kr Abbreviations: AFP, Aequorea-derived fluorescent protein; CRE, cAMP responsive element; HTS, high-throughput screening; NFB, nuclear factor kappa B; YFP, yellow fluorescent protein Next, to assess the sensitivities of the two reporter systems, we obtained dose-response data at 8 h for luciferase and at 24 h for Ypet after TNF treatment. As Fig. 1D shows, treatment with 0.1 ng/mL of TNF did not significantly increase NFB activity in either reporter system. The dynamic ranges of the reporters were compared by transfection of various amounts of reporter plasmids expressing luciferase or Ypet under the control of the CMV promoter. Relative reporter activity was expressed as a ratio to the reporter activity of the cells transfected with 400 ng of plasmid DNA. The data revealed that changes in reporter activity according to the amount of transfected DNA were not significantly different as between the two reporter proteins.
Since phenol red and various proteins in serum have auto-fluorescence, the fluorometry of cells growing in a medium yields a high background signal. Including washing steps before reading fluorescence prolongs the time required for HTS protocols and can cause dry-out effects and detachment of cells in multi-well plates, which can lead to a low Z 0 factor. In order to develop an assay method that not only has an acceptable Z 0 factor for HTS, but also is simple, we assessed several measuring procedures.
HEK293-B-Ypet cells were grown and incubated for 24 h in the presence and the absence of 10 ng/mL of TNF. We took the culture plates out of the incubator and measured Ypet fluorescence promptly. Fluorescence was read again immediately after flicking off the media and then again after adding 100 mL of PBS. We also aspirated the media completely instead of flicking it off before measurement. The Z 0 factors of the two plates read before removal of the media were 0.261 and 0.266, a negligible difference. Both media removal steps eliminated the background signal and increased not only fold induction by TNF treatment, but also the Z 0 factor. Media aspiration was more effective in enhancing the Z 0 factor than simply flicking it off (121% vs. 83%). Adding PBS lowered the Z 0 factor both when the media was flicked off and when it was aspirated. These findings suggest that reading the plate immediately after aspiration of the medium is the best way to assess Ypet fluorescence of cells in multi-well plates. . After 18 h of incubation, the cells were transferred to 96-well plates coated with 0.01% poly-l-lysine (Sigma Aldrich, St. Louis, MO). After further 18 h, the cells were treated with 10 ng/mL of TNF (Sigma Aldrich) for 6 h and then the luciferase activity or Ypet fluorescence was measured. A luciferase assay system (Promega, Madison, WI) was used for luminometry following the manufacturer's instructions. Ypet fluorescence was read at 485 nm/520 nm with POLARstar Omega (BMG Labtech, Ortenberg, Germany). B and C, HEK293 cells were transfected with pNFB-Luc-SV40P or pNFB-Ypet-SV40P. After 36-48 h of transfection, cells were selected with 2 mg/mL of puromycin (Sigma Aldrich) over 1 week. Surviving cells were pooled and named HEK293-B-Luc and HEK293-B-Ypet respectively. These cells were seeded onto 96-well plates, and at 90-100% confluence were treated with 10 ng/mL of TNF for the indicated durations, followed by measurement of the reporters. The inset shows fluorescent images taken 24 h after treatment with vehicle or TNF. D, TNF dose-response was obtained from HEK293-B-Luc and HEK293-B-Ypet. Luciferase activity was measured 8 h after TNF treatment and Ypet fluorescence was measured at 24 h. E, Plasmids expressing luciferase or Ypet as reporter protein under the control of the cytomegalovirus enhancer/promoter were generated, and 40, 400, or 4,000 ng of the plasmids was introduced into HEK293 cells 36 h before the reporter assay. Relative reporter activities were expressed as ratios to the activity of the 400 ng-transfected samples. A logarithmic scale was used on the Y-axis. Fold induction by TNF and relative reporter activity values were calculated after subtraction from the activities of nontransfected cells, and were expressed as means AE standard deviation. The time-course data and dose-response data were fitted to a sigmoidal dose-response curve by Prism 4 for Windows (GraphPad Software, La Jolla, CA). A.U., arbitrary unit.
We chose to assess Ypet in this study, the strongest AFP to date. In addition to AFPs, another series of fluorescent proteins, DsRed and its derivatives are used. One of these, tdTomato, is the only fluorescent protein brighter than Ypet, 9) but it has a serious limitation in that it is cytotoxic. 11) Researchers have developed non-toxic DsRed derivatives, [12] [13] [14] but their brightness is not comparable to that of Ypet. Hence Ypet is currently the best choice as fluorescent protein reporter.
Our data indicate that Ypet is comparable as a reporter protein for HTS to firefly luciferase. Furthermore, its fluorescence can be measured directly from growing cells in multi-well plates (e.g., 96-well plates) just after aspiration of the medium. Ypet can make reporter assay-based HTS faster and more cost-effective.
In performing HTS compound interference, by which active compounds would be lost, or which makes false positives is unavoidable. 15) When firefly luciferase is used as reporter protein, compounds changing its activity interfere with HTS, but Ypet is not affected by these compounds. There might be also compounds altering Ypet fluorescence. Furthermore, some compounds might have fluorescence at wavelengths similar to Ypet. Secondary screening with firefly luciferase as reporter protein on compounds found active in primary screening might be an answer to the compound interference problem.
